Ribosome profi ling is an emerging approach using deep sequencing of the mRNA part protected by the ribosome to study protein synthesis at the genome scale. This approach provides new insights into gene regulation at the translational level. In this review we describe the protocol to prepare polysomes and extract ribosome protected fragments before to deep sequence them.
Introduction
There are a number of High throughput technics to quantify gene expression level. During the last decade microarrays and RNA-seq allowed to study in great details RNA content of cells. These approaches associated with proteomics approaches can provide a good evaluation of the gene expression level. However, limiting gene expression analysis to these approaches misses all translational regulations playing a crucial role in cell's homeostasis. Ribosome profi ling fi lls the gap existing between data provided by transcriptomics and proteomics approaches [ 1 , 2 ] . Ribosome profi ling combines the observation that the nuclease digestion footprint of a ribosome on an mRNA indicates its exact position to new generation sequencing to massively sequence ribosome protected fragments (RPF) (Fig. 1 ) . It allows to determine the amount of ribosomes on each mRNA, which will refl ect the translational level of this mRNA. We can go even further with ribosome profi ling to qualitatively measure translation regulation and fi delity at a given moment or in a mutant compared to a wild type cell. This gives access to the identifi cation of new coding sequences (CDS), ribosomal A-site occupancy, upstream ORFs translational regulations, or the discovery that non coding RNA are loaded by ribosome to induce Nonsense-Mediated Decay (NMD) [ 1 -8 ] .
Since the initial publication by Weissman's laboratory ribosome profi ling has been used in a variety of organisms to address a broad number of questions [ 7 -11 ] . Despite the strong enthusiast generated by this fi rst technics allowing genome-wide translational changes, it should be keep in mind that this is a complicated approach with many pitfalls that can generate a number of misinterpretations. Indeed small variations in growth culture, medium composition or low genome coverage can generate misinterpretations. Ribosome profi ling cannot be the end of a story but instead should be the beginning of new questions. It is essential not to rely only on statistical analysis to validate data but also performing independent experiments on few genes. In this review we will describe in detail all steps needed to prepare high quality RPF and how to perform basic bioinformatics analysis to map them onto a Saccharomyces cerevisiae reference genome. Obviously most of the steps can be applied to other organisms since it is possible to extract polysomes.
Material
1. Plates of complete media YEPD or specifi c supplemented minimal media.
2. Solution of cycloheximide 50 mg/ml in ethanol. 14. Ammonium persulfate 10 %.
15. TEMED ( N , N , N ′, N ′-tetramethylethylenediamine). 19. Dye SYBER Gold for nucleic acid staining 10,000 concentrated with a maximum excitation wavelength at 300 nm.
Media, Solutions
1. RNA markers of 28 and 34 nucleotides length:
(a) oNTI199 AUGUACACGGAGUCGACCCGCAACGCGA.
(b) oNTI34ARN AUGUACACGGAGUCGACCCGCAACG CGAUGCUAA.
2. Biotinylated RNA for subtractive hybridization:
(a) rRNA-1 5BioTEG/TGATGCCCCCGACCGTCCCTAT TAATCATTACGACCAAGTTTGTCCAAATTCTCCG CTCTGAGA.
(b) rRNA-2 5BioTEG/GCTAGCCTGCTATGGTTCAGCG ACGCCACAACTGATCAAATGCCCTTCCCTTTCAA CAATTTCACG.
(c) rRNA-3 5BioTEG/TTCCAGCTCCGCTTCATTGAATA AGTAAAGAACTATTTTGCCGACTTCCCTTATC TACATTATTCTA.
(d) rRNA-4 5BioTEG/ATGTCTTCAACCCGGATCAGCC CCGAAGACTTACGTCGCAGTCCTCAGTCCC AGCTGGCAGTATTCCCACAG.
(e) rRNA-5 5BioTEG/ATTCTATTATTCCATGCTAATAT ATTCGAGCAAGCGGTTATCAGTACGACCTGG CATGAAAAC.
(f) rRNA-6 5BioTEG/AGCTGCATTCCCAAACAACTCG ACTCTTCCCCCACTTCAGTCTTCAAAGTTCTCA TTTTTATTCTACACCCTCTATGTCTCTTCACA.
(g) rRNA-7* 5BioTEG/GACPCCTZATTLGTETCLATC.
(* Z, P, E, L represent LNA bases.)
1. Flasks of 100 ml and 2 l for liquid cell culture.
2. 500 ml bucket for centrifuge.
3. Conical tubes of 15 ml.
4. Microtubes of 0.5, 1.5, and 2 ml Safe-Lock.
5. Liquid nitrogen.
6. Needle of 20 gauges.
7. Large ice bucket. 20. Magnetic separation stands.
Oligonucleotide Sequences

Apparatus
4. Estimate the volume of the pellet and resuspend cells in two volumes of ice cold Lysis Buffer with 50 μg/ml cycloheximide (the volume of the pellet is about 1 ml for 500 ml culture).
5. Transfer to a 1.5 ml eppendorf tube for easier handling. Pulverize Cells by adding glass beads and vortexing the mixture for 10 min at 4 °C ( see Note 3 ).
6. Remove cells debris by centrifugation at 4 °C, 5000 × g for 5 min and transfer the supernatant to chilled 1.5 ml microfuge tubes on ice. The supernatant is clarifi ed by centrifugation at 4 °C, 15,000 × g for 15 min. Recover supernatant avoiding to pipet the remaining debris. At this stage, the two samples are mixed.
7. The determination of polysome concentration is done by spectrophotometric estimation, based on the fact that ribosomes are ribonucleoprotein particles. Use a 1/10 dilution in water to measure the absorbance at 260 nm. Aliquots of 30 absorbance units are fl ash-frozen in liquid nitrogen and stored in a −80 °C freezer. You should get a total of about 300 A 260 .
8. An aliquot of 10 A 260 is loaded on a 10-50 % W:V sucrose gradient and spun for 3.5 h at 188,000 × g , 4 °C, in an SW41 swing-out rotor. Gradient is fractionated with the ISCO gradient fractionation system to control the quality of the polysome extraction ( Fig. 2a ).
1. Gently thaw six samples of 30 A 260 on ice.
2. These extracts are subjected to RNAse I digestion with 15 U of enzyme/absorbance unit, for 1 h at 25 °C ( see Note 4 ). RNAse I digestion does not lead to complete disruption of polysomes into monosomes, rather low polysomes (mainly two ribosomes on the same RNA fragment) still persist (Fig. 2b ).
3. Meanwhile, prepare the solution for 24 % sucrose and refresh it. The ratio being 3 ml sucrose cushion solution-1 ml extract, prepare two 3 ml cushions and keep on ice.
4. Once the digestion time has expired, layer three digested polysome extracts (90 A 260 ) per cushion and centrifuge at 4 °C, 100,000 rpm in a TLa110 rotor for 2 h 15 min. 24 % sucrose cushion allows to pellet 80S monosomes and the remaining undigested polysomes (Fig. 2c ).
5. Each pellet is carefully washed two times with 500 μl polysome extraction buffer to eliminate sucrose and resuspended in 750 μl of polysome extraction buffer. The pellet is solubilized by pipetting up and down and transferred in a 2 ml microtube. Sample can be fl ash-frozen in liquid nitrogen and stored at −80 °C or subjected to RNA extraction ( see Note 5 ). First pic at 4 min corresponds to cell debris. It is followed by the 40S and 60S free subunits (the 60S fraction should be twice the level of the 40S fraction), the monosome fraction at
Nuclease
1. An equal volume of acid phenol is added to each monosome fraction.
2. Place the mixture at 65 °C and vortex continuously using a thermomixer for 1 h in a fume hood.
3. Centrifuge at full speed for 10 min in a microfuge. Recover the aqueous phase (upper phase) and reextract with an equal volume of chloroform.
4. Vortex for 5 min and spin at full speed for 5 min in a microfuge. The aqueous phase is carefully transferred in a 1.5 ml microtube and total RNA is precipitated with 1/10 volume potassium acetate 3 M pH 5.2 and 3 volumes ethanol. Incubate samples at −20 °C overnight to enhance precipitation.
5. Spin at full speed in a microfuge for 15 min at 4 °C and eliminate as much supernatant as possible to minimize residual liquid.
6. Air-dry the pellet by leaving the tubes open for about 15 min. Dissolve each pellet in 500 μl TE + RNAse inhibitor 0.1 U/μl and mix the two samples. Measure RNA concentration at 260 nm (it should be around 2 mg/ml). RNA sample is stored at −20 °C.
7. RNA fragments are separated by electrophoresis in a polyacrylamide gel using a vertical electrophoresis cell with central cooling system. Prepare 18.5 × 20 cm gels with 1 mm thick spacer and a 15 well comb ( see Note 6 ).
8. Prerun the gel at 150 V for 1 h with heating at 65 °C with a thermostatic circulator for obtaining high quality gel resolution and gel-to-gel reproducibility.
9. Add 5× RNA loading dye to RNA samples and load 15 μg RNA per well. The oNTI199 and oNTI34ARN RNA markers are used to demarcate the 28-to 34-nucleotide region, which is excised. A mix of 50 ng of each marker is loaded on each wells located at both extremities. A total of four gels (up to 1.2 mg of RNA) is necessary for one ribosome profi ling experiment. 11. The gel is stained for 30 min with SYBR Gold diluted 10,000 times in 100 ml 1× TAE (100 ml is enough for four gels). This dye has a maximum fl uorescence excitation when bound to RNA centered at approximately 300 nm.
RNA Extraction and Size Selection
12. Excise the region that corresponds to the 28 nt marker as it corresponds to the RNA region protected by a single ribosome. Store the gel slice in a tube at −20 °C (Fig. 3 ) . Fig. 3 Size selection of RPF. 15 μg of total monosome RNA is loaded on a 17 % acrylamide/7 M urea gel with a mix of 50 ng 28 and 34 nt marker RNA oligonucleotides on both sides. After electrophoresis ( a ), a band corresponding to the 28 nt RPF is excised ( b ) and the RNA is extracted from the gel. Note the absence of clear, defi nite bands in this region 13. Disrupt the gel slices by centrifugation through a needle hole in a 0.5 ml microfuge tube nested in an outer 1.5 ml collection microtube. The acrylamide fragment is introduced into the 0.5 ml tube that is capped and introduced in turn in an open 1.5 ml tube. Both are centrifuged at maximum speed the time necessary for the complete passage of the gel through the needle hole. The empty 0.5 ml tube is thrown away.
14. RNA is eluted by soaking gel debris overnight in an Elution Buffer and then recovered by fi ltering the eluate on a 0.22 μm cellulose acetate fi lter for 1 min at full speed. Ribosome samples are subjected to subtractive hybridization with biotinylated oligonucleotides complementary to major rRNA contaminants (rRNA 1-7). These oligonucleotides are representative of the 14 main rRNA fragments recovered within the 28 nt gel slice.
1. Set a water bath or heat block to 70-75 °C.
2. To a sterile, RNase-free 1.5 ml microcentrifuge tube, add the following: 2∓ g RNA, rRNA-1 to rRNA-7 (15 pmol/μl) 1 μl each, 10 μl Hybridization Buffer 10×, and water qsp 100 μl.
Incubate the tube at 70-75 °C for 15 min to denature RNA.
3. Allow the sample to cool to 37 °C slowly over a period of 30 min by placing the tube in a 37 °C water bath. To promote sequencespecifi c hybridization, it is important to allow slow cooling. Do not cool samples quickly by placing tubes in cold water.
4. While the sample is cooling down, proceed to Beads preparation. Resuspend Magnetic Beads in its tube by thorough vortexing. Place the tube with the bead suspension on a magnetic separator for 1 min. The beads settle to the tube side that faces the magnet.
5. Gently aspirate and discard the supernatant. Add 750 μl sterile, RNAse-free water to the beads and resuspend beads by slow vortexing. Place tube on a magnetic separator for 1 min.
6. Aspirate and discard the supernatant. Repeat washing step once.
Resuspend beads in 750 μl
Hybridization Buffer 1× and transfer 250 μl beads to a new tube and maintain the tube at 37 °C for use at a later step. Place the tube with 500 μl beads on a magnetic separator for 1 min.
rRNA Depletion
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8. Aspirate and discard the supernatant. Resuspend beads in 200 μl Hybridization Buffer and keep the beads at 37 ° C until use.
9. Proceed to rRNA removal. After the incubation at 37 °C for 30 min of the hybridized sample (above), briefl y centrifuge the tube to collect the sample at the bottom of the tube.
10. Transfer the sample to the prepared 200 μl magnetic beads. Mix well by pipetting up and down or low speed vortexing.
11. Incubate the tube at 37 °C for 15 min. During incubation, gently mix the contents occasionally. Briefl y centrifuge the tube to collect the sample at the bottom of the tube.
12. Place the tube on a magnetic separator for 1 min to pellet the rRNA-probe complex. Do not discard the supernatant. The supernatant contains RNA.
13. Place the tube with 250 μl beads on a magnetic separator for 1 min. Aspirate and discard the supernatant.
14. To this tube of beads, add ~320 μl supernatant containing RNA from the other tube. Mix well by pipetting up and down or low speed vortexing. Incubate the tube at 37 °C for 15 min. During incubation, gently mix the contents occasionally. 18. Resuspend the RNA pellet in 20 μl water + 0.1 U/ml RNAse inhibitor. Measure RNA concentration that should be around 40 ng/μl. The effi ciency of rRNA depletion is variable following the experiment but is comprised between 50 and 75 % ( see Note 7 ).
1. Library from 100 ng ribosome footprint fragments is prepared. Briefl y, a 3′ adapter designed to target small RNA generated from enzymatic cleavage is added to the RNA fragments. It is required for reverse transcription and corresponds to the surface bound amplifi cation primer on the fl ow cell.
2. The 5′ RNA adapter ligation that serves for the amplifi cation of the small RNA. Reverse transcription followed by PCR amplifi cation is used to create cDNA constructs. PCR products
Library Construction and HT Sequencing
are then purifi ed on acrylamide gel and the size is visualized using chip-based capillary electrophoresis machine ( see Note 8 and Fig. 4a, b ) .
3. Library is submitted to high throughput sequencing using Hiseq2000. A minimum of 10 8 reads must be achieved to perform computer analysis. Multiplex sequencing is possible unless a total of at least nine 10 7 reads per library is reached. 1. After sequencing, ribosome footprints are stored in FASTQ format where each footprint is represented by a biological sequence and its corresponding quality score.
For each sample (or fastq), you can check quality of sequencing using FASTQC software:
2. FASTQC provides statistics about encoding, sequence quality score, GC content, overrepresented sequences, etc. The per base sequence quality is the most important things to look at Fig. 5 . Generally, you have high sequence quality from the beginning of the sequence down to ¾ or even further, but as sequenced reads are longer than footprint, Illumina sequencing adapters will be removed and low quality bases too.
3. Adapters are removed by Cutadapt, a tool that discards adapter sequences from DNA sequencing reads. Because of gel slice selection, only footprints between 26 and 32 nucleotides long are kept.
cutadapt -a "TGGAATTCTCGGGTGCCAAGGAACTCCAGTCAC" -m 26 -M 32 XXX.fastq > XXX_trim.fastq
Primary Bioinformatic Analysis
Get Sequences and Bowtie Indexes
Pre-processing Raw Data
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This step is the most time-consuming because we trim a lot a reads (at least 10 8 per sample). In the end, we only keep 62 % of initial reads (average value obtained from 14 Hiseq2000 runs) (Fig. 6 ).
1. All footprints mapping to rRNA are removed from data with Bowtie short alignment program.
-p option refers to number of thread, if you are more than 2, adjust this parameter. Blue line is the mean quality score. Quality score must to stay high. The background of the graph divides the y -axis into three parts: very good quality calls in green , reasonable quality in orange , and poor quality in red . Generally, in ribosome profi ling, sequence quality score stays high (in green area ) throughout the sequence 3. In spite of rRNA depletion, we have a strong contamination (mean of 66 % on 14 runs). Finally, we obtain about 22 % of useful footprints that align accurately in yeast genome (Fig. 7 ) . So the more the reads in your sample, the more the footprints you have for analysis. We estimate that 10 8 reads is enough. write.csv(as.data.frame(res), fi le="DE_results.csv")
The table contains information about each analyzed genes: its average expression, log2-fold change, and associated p values and adjusted p values. For a specifi c gene, a log2-fold change of −1 for condition 2 vs. condition 1, indicates a fold change level of 2 −1 = 0.5. DESeq2 gives several plots to help the analysis or for illustrations in a manuscript. This is the fi rst approach to be done for ribosome profi ling analysis, and the most standard analysis. After, according to your biological question, other approaches could be considered about the qualitative analysis of the ribosome position on mRNA.
Notes
volume of about 500 μl. Pool 2 fractions and proceed to RNA extraction as described above. Be aware that the RNA containing phase corresponds to the lower phase due to high sucrose concentration. 6 . A comb that delimitates a large central well dedicated to the RNA and two small wells dedicated to the ladder can be used. In that case, up to 300 μg RNA can be loaded.
7. Epicentre company sells a Ribo-Zero magnetic kit for yeast. This commercial kit is expected to remove more than 99 % of degraded rRNA. However we did not yet test the effi ciency of this kit.
8. It is important to verify the size of the PCR fragments (3′ and 5′ adapters plus ribosomal footprint fragment). If it is lower than expected, this is representative of an important rRNA contamination (Fig. 4b ).
9. Version 2 of yeast genome contains wrong annotations in some chromosomes, prefer use the version 3.
10. Be careful, chromosome names must be identical in genome and annotation fi les for visualization with IGV.
11. Our footprints coverage is not homogeneous along mRNA compared to Weissman's laboratory ribosome profi ling [ 3 ] , despite a similar number of footprints. This can be due to circularization during sequencing library preparation (Fig. 8 ) . 
